Stereo thresholds for 84% correct detection of sinusoidal disparity corrugations depicted by narrow-band-filtered random dot stereograms were determined for surfaces as a function of (i) luminance centre spatial frequency and (ii) disparity modulation frequency. In addition, suprathreshold depth matching functions for two amplitudes of peak-to-trough depth were determined using similar stimuli. Disparity thresholds followed a U-shaped function when plotted against luminance centre spatial frequency from 1 to 8 c/deg. The threshold functions for the three highest corrugation frequencies (ranging from 0.25 to 1 c/deg) formed a single family with a similar bandpass shape and a peak sensitivity at ca 4 c/deg. At the lowest frequency of depth modulation (0.125 c/deg) the shape of the luminance spatial frequency threshold function showed a reduced sensitivity to depth modulations when portrayed by patterns with high luminance centre frequencies (8 c/deg). The similarity of the threshold functions reveals luminance and corrugation frequency to be largely independent dimensions. The finding that the functions are not identical provides some evidence to support a weak luminance spatial frequency selectivity in stereoscopic channels tuned to corrugation frequency. © 1997 Elsevier Science Ltd.
INTRODUCTION
The nature of the monocular processing that precedes the extraction of binocular disparities has been an ongoing issue in binocular stereopsis. In particular there has been considerable debate over the possibility that the processing of stereoscopic disparities and luminance spatial frequencies might be related in a consistent fashion. Marr and Poggio (1979) proposed a coarse-to-fine model of stereopsis in which the maximum disparity that could be detected in different channels depended on the size of the spatial filter used to convolve the image. Several psychophysical investigations have provided evidence both for and against the size-disparity correlation predicted by this model of human stereopsis. Adaptation studies by Felton et al. (1972) and Blakemore and Hague (1972) revealed a size-disparity correlation whereby the largest contrast threshold elevation following adaptation to a disparate luminance grating, occurred for disparities proportional to the widths of the bars comprising the grating. In apparent contradiction to the size-disparity correlation, Badcock and Schor (1985) reported that large disparities (70 min arc) could be signalled with high precision (1-2 min arc) by high spatial frequency differ-*Department of Experimental Psychology, University of Oxford, South Parks Road, Oxford OX1 3UD, U.K. ~'To whom all correspondence should be addressed at: The University of Edinburgh, Department of Psychology, 7 George Square, Edinburgh, EH8 9JZ, U.K.
ence of Gaussian (DOG) stimuli (9.6 c/deg), and the incremental disparity thresholds were much lower than for low spatial frequency DOG stimuli. They argued that such results are inconsistent with Marr and Poggio's theory which predicts that there should be no coherent disparity signal in the high spatial frequency stimuli. McKee et al. (1990) , however, obtained data which casts doubt on whether Badcock and Schor's results do reflect properties of the stereoscopic system. They showed that at large disparities observers could have performed the task by judging dichoptic widths rather than depth increments and therefore the data do not address the size-disparity correlation. This paper reports two experiments that were designed to investigate the processing of disparities and luminance spatial frequencies by the human stereoscopic system.
Spatial tuning of stereopsis
Two early studies indicated that the disparity processing mechanism is sensitive to the luminance spatial frequency content of a stereoscopic stimulus. Mayhew and Frisby (1976) showed that stereopsis is possible only when the left and right half-images contain overlapping spatial frequencies. Moreover, Julesz and Miller (1975) demonstrated that stereopsis in narrow-band-filtered random dot stereograms is not impaired if the spatial frequency of masking noise is >2 octaves away from the spatial frequency of the signal. They argued that these results were consistent with the idea of independent and 1769 parallel spatial frequency tuned channels that carry the different spectral components of a broad-band stereoscopic stimulus. Yang and Blake (1991) employed a two alternative forced choice (2AFC) masking paradigm in order to determine the bandwidth of spatial frequency tuned stereoscopic mechanisms. They replicated and extended the observations of Julesz and Miller for a comprehensive range of noise energies and frequencies. Using narrow band (0.4 octave) circularly symmetric filtered random dot patterns similar to those of Julesz and Miller, they measured the minimum signal-to-noise ratio necessary to detect a disparate target as a function of the signal and of the noise spatial frequencies. They found that the most effective masking frequencies did not always correspond to the frequencies in the signal. Instead, the optimal masking frequency was ca 3-5 c/deg for patterns of both lower and higher signal frequencies. They interpreted their findings as showing the existence of spatial frequency tuned channels subserving stereopsis whose peak sensitivities were ca 3 and 5 c/deg.
Spatial filtering and the correspondence problem
Coarse-to-fine algorithms for solving the correspondence problem predict differences in the efficiencies of processing certain combinations of disparities and spatial frequencies. These algorithms incorporate monocular pre-processing of the image so that the candidates for binocular matching are selected from spatially filtered representations (e.g. Marr & Poggio, 1979) . It is widely accepted that spatial filtering is involved in the earliest stages of visual processing (DeValois & DeValois, 1988) . If disparity sensing mechanisms receive their inputs from particular classes of spatial frequency tuned cells, then the matching process could be guided by comparing features in spatially filtered representations of the left and right half-images. In a "coarse-to-fine" matching algorithm such as Marr and Poggio (1979) the correspondence problem is reduced by constraining binocular matches within the pass-bands of the spatial filters. In a low spatial frequency filtered version of the stimulus there are fewer potential false matches simply because there are fewer entities or primitives to match. In Marr and Poggio's model the computed disparities can then initiate vergence eye movements to reduce those disparities and thereby enable finer filters to operate within their more limited fusional range. They argued that such a strategy could account for both the large range and the high precision of disparity discrimination by human stereo mechanisms (Mart & Poggio, 1979) .
Coarse-to-fine models of stereopsis predict that the maximum disparity signal that can be detected should depend critically on the luminance spatial frequency of the carrier elements--the "size-disparity correlation" (Schor & Wood, 1983) . Evidence for such a correlation was obtained by Schor et aI. (1984) who showed that the diplopic limit for DOG stimuli occurred at a constant 90 deg phase disparity for spatial frequencies <2.4 c/deg. However, data inconsistent with the size-disparity correlation have also been obtained. Mayhew and Frisby (1979) showed that disparity discrimination in narrowband-filtered random dot stereograms was possible between convergent disparity targets (differing by 2.5 rain) that were as much as four times larger than that permitted by the Marr and Poggio model. Several psychophysical studies have examined the effects of manipulating both the spatial frequency content and the disparities present in stereoscopic stimuli, on a range of different indices of depth processing. Schor and Wood (1983) measured disparity thresholds, depth matching curves and upper depth limits by a method of adjustment using spatially filtered bars of different widths. Disparity thresholds were lowest for narrow DOG widths and thresholds increased proportionally to DOG width in a fashion consistent with a constant 6 deg phase disparity. Upper depth limits also increased with broad DOGs but at a lower rate than disparity thresholds. Supra-threshold matched disparity functions followed a similar pattern-becoming elevated at broad spatial periods suggesting that larger disparities are required in broad DOGs to give a similar magnitude of perceived depth. This "reduced stereo-efficiency" of broad DOGs was selective for small disparities (e.g. 2.5 min arc) and was much less marked for larger target disparities (e.g. 40minarc). Although the results are not entirely consistent with a size-disparity correlation (narrow DOGs could accurately signal both small and large disparities), Schor and Wood interpreted them as indicating a greater relative efficiency for processing large disparities by low spatial frequency mechanisms.
Sensitivity to disparity modulations
There is evidence that the stereoscopic system is sensitive to a disparity change over space. For example, Tyler (1975) provided psychophysical evidence for mechanisms selective for the spatial frequency of disparity modulations analogous to the spatial frequency tuned receptive fields involved in luminance processing. He showed that there was a shift in the perceived spatial frequency of disparity modulations following adaptation to sinusoidally modulated disparity gratings [see also Howard & Rogers (1996), pp. 497-499] . This effect can be thought of as analogous to the spatial frequency shift reported by Blakemore and Sutton (1969) with luminance gratings. Similarly, Schumer and Ganz (1979) reported an elevation of thresholds for detecting corrugated surfaces following adaptation to sinusoidal disparity corrugations that was broadly selective (2-3 octaves fullbandwidth at half-amplitude) for the spatial frequency of the disparity modulations. Together, these results suggest that disparity may be processed by analogous size-tuned mechanisms selective for the spatial frequency of disparity modulations.
Several studies of the relationship between luminance and disparity processing have specifically addressed the coarse-to-fine matching algorithm of Mart and Poggio and have been restricted to measuring correlations between luminance spatial frequencies and pedestal disparities (a constant disparity offset from the fixation plane) in stereo performance. Pulliam (1981) , however, demonstrated another form of size-disparity relation--between luminance spatial frequency and disparity spatial frequency. He measured thresholds for detecting sinusoidal disparity corrugations depicted by one-dimensional luminance gratings in which the disparity modulations were orthogonal to the luminance modulations. He reported (i) an increase in absolute disparity sensitivity (lower thresholds) with an increase in luminance spatial frequency from 0.3 to 7.0 c/deg; and (ii) a shift of peak sensitivity to the higher disparity modulation frequencies with an increase in luminance spatial frequency. Pulliam argued that this interaction between luminance and disparity spatial frequencies could form the primary interaction in "traditional" studies of the size-disparity relation. He argued that his results implied that channels tuned to high spatial frequencies are also tuned to high corrugation frequencies.
In the present study we have examined the luminance spatial frequency-disparity spatial frequency relation suggested by Pulliam. We measured the visual system's sensitivity to sinusoidal corrugations when the stereograms consisted of narrow-band-filtered random dot patterns which differed in luminance centre spatial frequency. In these stereograms the sinusoidal displacement signal in each stereo half-image is camouflaged (unlike in one-dimensional luminance gratings) and therefore minimizes the possibility of observers basing their responses on monocularly visible displacements, rather than on perceived depth. Pulliam did measure monocular "vernier" thresholds for the stereo halfimages, finding them higher than the corresponding stereo thresholds which implies that simple monocular displacement detection was not the basis of stereo performance. However, the possibility that observers could have based their judgements on dichoptic displacement differences (McKee et al., 1990 ) cannot be ruled out. A more satisfactory method for investigating conjunctions of luminance and disparity spatial frequencies is to camouflage the disparity signal, as we have done, using two-dimensional filtered patterns based on random dot stereograms.
METHODS
In the first experiment, stereo thresholds for 84% correct detection of sinusoidal disparity corrugations depicted by narrow-band-filtered random dot stereograms were determined for different luminance centre spatial frequencies and corrugation frequencies. In the second experiment, the perceived peak-to-trough depth of supra-threshold corrugations depicted by the same filtered stereograms was measured using a matching task. In these experiments, the matching surface consisted of a variable amplitude corrugated surface depicted by an unfiltered random dot pattern.
Method of constant stimuli: threshold measurements
A method of constant stimuli was used to determine thresholds for detecting sinusoidally corrugated surfaces differing in (i) corrugation frequency; and (ii) luminance centre spatial frequency. Correct vergence on a fixation spot in the plane of the screen was aided by asking observers to align a pair of dichoptic nonius markers before initiating the trial. The fixation spot consisted of a circular mid-grey patch (1 deg in dia) that was framed by a white circle. A horizontal white bar lay across the centre of the spot and vertical nonius lines were placed above and below so that a cross was formed when fixation was correct. All subjects were carefully instructed to wait in between trials until they had realigned the nonius lines to an accuracy of less than half the width of the 1 pixelwide nonius lines. This ensured that vergence errors were < + 1 min arc. The fixation spot remained visible in the plane of the screen throughout the experiment.
On each trial the peak-to-trough amplitude of the corrugated surface was randomly chosen from five different values corresponding to -2, -1, 0, 1 or 2 times the smallest step size (negative values correspond to a phase inversion of the corrugations). The chosen stimulus levels were based on the results of pilot experiments designed to optimize the range of the observer's responses. The observer's task was to indicate whether the horizontal corrugation lying across the centre of the surface was concave (a trough) or convex (a peak). An experimental session consisted of 300 trials in blocks of 100 trials, corresponding to 60 observations at each of the five amplitude levels. Psychometric functions were generated from the data in each block of trials by plotting frequency of correct identification against the stimulus value. Best fitting cumulative Gaussian curves were determined using the probit technique (Finney, 1952) and the 84% point (1 SD) was taken as the threshold value.
Method of adjustment: supra-threshold measurements
A method of adjustment was used to determine the perceived depth of supra-threshold corrugations differing in luminance centre frequency and corrugation frequency. In principle, any one of the different corrugation frequencies depicted by any one of the filtered patterns could have been used as the variable amplitude matching surface. In practice, observers found it difficult to compare the amplitudes of corrugated surfaces which had very different frequencies of disparity modulation. Consequently, the different test surfaces were each matched to a variable amplitude surface depicted by unfiltered 50% random dots with a corrugation frequency that was always the same as the test surface. The results obtained using this technique allowed us to determine the effect on perceived depth of stereograms that were differently filtered in the luminance domain, but did not allow us to assess the effect of different corrugation frequencies on perceived depth. This is because an assessment of the effect of corrugation frequency requires either a single standard reference corrugation [e.g. Georgeson & Sullivan (1975) A single experimental session consisted of 32 trials arranged in eight blocks corresponding to eight matched settings at each of the four luminance centre frequencies chosen randomly within each block. A simultaneous matching procedure was used in which test and matching surfaces were presented respectively to the left and right half-fields of the display. Observers could freely inspect both surfaces and using a potentiometer they adjusted the peak-to-trough amplitude of the random dot match corrugation until it appeared to have the same depth as the narrow-band-filtered test corrugation. The range of the matching surface was set to accommodate adequately the range of test surface amplitudes perceived by observers in pilot trials. A maximum of 2 min was available in which to achieve a match but it was usually accomplished within 1 min. When satisfied with a match subjects pressed the space bar and the potentiometer setting was registered by the computer. The next trial commenced immediately.
STIMULI AND DISPLAY

Threshold stimuli
Narrow-band-filtered random dot stereograms were used in both the threshold and supra-threshold matching experiments. The filtering was performed in the Fourier domain using a rectangular isotropic filter that passed unattenuated those frequencies _+0.2 octaves from the centre frequency and blocked higher and lower frequencies. The pass-band of these filters was varied so that spatially filtered random dot stereograms with different luminance centre frequencies could be produced. Figure  1 illustrates the structure of the filter used to generate the patterns in the Fourier domain.
The centre point represents zero spatial frequency in both horizontal and vertical directions and its value corresponds to the mean luminance of the image in the spatial domain. Points lying on the circumference of a circle with origin (0, 0) all represent the same frequency. The filter's frequency range gives a highest spatial frequency of 15 c/deg at the viewing distance of 57 cm used in the experiments. The pass-band of the filter is determined by the difference between f~ (the low frequency cut-off) and fe (the high frequency cut-off). The centre frequency of the image is midway between fl and f2 and this was varied during an experiment, but the two eyes always viewed matched half-images (i.e. filtered half-images created from matched left and right eye targets).
The two-dimensional bandpass filtering was achieved by taking the two-dimensional Fourier transform of the left and right eye images and multiplying these by the filter function. This operation passes all of the Fourier components lying within the pass-band of the filter and sets to zero all Fourier components that lie outside fl and f2 (shown as the shaded areas of Fig. 1 ). After this, the inverse Fourier transform was taken and the results of filtering in the Fourier domain were displayed in the spatial domain.
The patterns were 480 × 480 pixels viewed through a circular window whose diameter subtended 15 deg of visual angle at the 57 cm viewing distance. Sinusoidally corrugated surfaces defined by binocular disparities were created by introducing an equal and opposite pattern of grey-level interpolated shifts to the filtered images making up a stereogram pair. Sub-pixel disparities could be achieved using this method and the sinusoidal patterns of shifts were not visible in the monocular half-images. However, adding disparities to the filtered patterns in this way can alter the bandwidths of the patterns. We examined the Fourier spectra of the sheared images and estimated the noise spatial frequencies to be < 10% of the signal spatial frequencies in the threshold experiments, and therefore unlikely to have affected performance. The distortion of bandwidth is more considerable in the case of the supra-threshold surfaces, and this factor is taken into account in interpreting the results. The surfaces were presented at 100% Michelson contrast within a uniform grey background of the same space average luminance as the patterns.
Supra-threshold stimuli
Similar luminance filtered patterns were used in the supra-threshold matching experiments as in the threshold experiments. Test and match corrugations were presented respectively to the left and right half-fields of the stereoscopic display with a 90 deg phase difference so that observers had to make depth comparisons based on the peak-to-trough amplitudes of the surfaces. The surfaces were viewed through two abutting circular windows each subtending 10 deg of visual angle. All surfaces were presented at 100% Michelson contrast within a uniform grey background of the same space average luminance. 
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EXPERIMENTAL DESIGN
A 4 x4 factorial design was used in the threshold measurements. Sixteen thresholds were determincd for all combinations of values of luminance centre spatial frequency (1.00, 2.00, 4.00 and 8.00 c/deg) and corrugation frequency (0.125, 0.250, 0.500 and 1.000 c/deg). The presentation order of the conditions within the stimulus space were chosen randomly for each of the three observers. An identical 4 x 4 design was adopted in the supra-threshold experiments. Sixteen matched amplitudes were determined for all combinations of values of the four luminance centre spatial frequencies and the four corrugation frequencies as above. The 4 × 4 design was repeated for two different supra-threshold amplitudes (2 and 4 min arc) of the corrugations. Two experienced psychophysical observers and one naive observer took part in these experiments.
RESULTS
In Fig. 2 detection thresholds and supra-threshold matching functions are plotted as a function of luminance centre frequency for four different corrugation frequeno 1. The threshold sensitivity function; 2. The supra-threshold matched depth function for a test surface with 2 min arc peak-to-trough disparity; and 3. The supra-threshold matched depth function for a test surface with 4 min arc peak-to-trough disparity.
In all the supra-threshold measurements the test surface was a spatial frequency filtered pattern (1-8 c/deg) of fixed peak-to-trough disparity amplitude, while the matching surface was always a 50% random dot pattern with a variable peak-to-trough disparity amplitude.
Threshold functions: selectivity for luminance spatial frequency
Thresholds for detecting disparity corrugations as a function of the luminance spatial frequency content of corrugated surfaces exhibit a bandpass characteristic for all four disparity modulation frequencies of the corrugated surface. A similar bandpass characteristic was also found by Legge and Gu (1989) for disparity pedestal thresholds as a function of the spatial frequency of luminance gratings presented offset from the fixation plane. The lowest thresholds (6-10 sec arc) were observed when the centre frequency of the filtered patterns was ca 2-5 c/deg and thresholds for surfaces depicted by both lower and higher spatial frequencies were higher. The lowest detection thresholds reported by Legge and Gu also occurred at ca 3 c/deg. The lowest disparity thresholds for disparate DOG stimuli used by Schor and Wood (1983) and Badcock and Schor (1985) occurred at ca 2.4 c/deg, although thresholds remained constant for even smaller DOG widths (i.e. higher spatial frequencies) in their studies.
For ease of comparison the threshold functions are shown together as a single plot in Fig. 3 . Figure 3 (a) shows that threshold functions for all four corrugation frequencies exhibit a bandpass characteristic with a peak sensitivity at ca 4c/deg. The lowest measured thresholds were ca 8 sec arc--the peak of the threshold function for the 0.25 c/deg corrugations. The threshold function for the highest corrugation frequency (1.0 c/deg) reveals a steeper fall off in sensitivity at the low luminance centre frequencies compared with the threshold functions for the lower corrugation frequencies. For example, the threshold function for the 1 c/deg corrugations undergoes a five-fold increase in disparity thresholds (from peak sensitivity) compared with around a two-fold increase for the 0.25 c/deg corrugations. It is likely that this severe reduction in sensitivity for the high frequency corrugations when depicted by filtered patterns with low centre frequencies was a consequence of the nature of the stimulus. The sampling limit of the disparity signal is exceeded in this range of the luminance carrier frequency since high corrugation frequencies cannot be depicted by luminance patterns containing only low spatial frequencies.
At the lowest corrugation frequency of 0.125 c/deg (shown as the dashed curve) there is a slight shift in peak sensitivity towards the lower luminance spatial frequencies (3 c/deg compared with 4c/deg for the other corrugation frequencies). The shift in peak sensitivity is a consequence of higher thresholds for filtered patterns with a high centre frequency, which can be seen graphically from the "upswing" at the high frequency end of the dashed threshold function in Fig. 3(a) , compared with the other threshold functions. This poor performance in detecting low frequency corrugations depicted by high luminance spatial frequencies is not predictable a priori from the stimulus characteristics.
Threshold functions: selectivity for corrugation frequency Figure 3 (b) is a replot of the data of Fig. 3 (a) to show how detection thresholds vary as a function of the corrugation frequency of the narrow-band-filtered stimuli. The separate curves show how selective filtering in the luminance domain affects the shape of the threshold functions.
Threshold functions for corrugations depicted by 1, 2, 4 and 8 c/deg luminance centre frequencies are all bandpass in shape. A similar bandpass function has also been found for corrugations depicted by 50% random dot patterns (e.g. Schumer & Ganz, 1979; Rogers & Graham, 1982; Schumer & Julesz, 1984) . Each curve could be considered as a corrugation sensitivity profile for a subset of size-tuned stereoscopic channels (Julesz & Miller, 1975; Badcock & Schor, 1985; Yang & Blake, 1991) , selectively activated by the narrow band of luminance spatial frequencies present in the stimulus.
Threshold functions for stereograms depicted by the three lowest luminance centre frequencies (1, 2 and 4 c/deg) are very similar in shape with lowest thresholds occurring at a corrugation frequency of ca 0.25 c/deg. Each function exhibits a high frequency cut-off that is slightly more pronounced in the lowest (1 c/deg) frequency pattern. This reflects undersampling of the high frequency corrugations by the low spatial frequency patterns, as discussed above. At the highest luminance spatial frequency (see dashed 8 c/deg curve) there is a shift in peak sensitivity towards the higher corrugation frequencies (0.5 c/deg compared with 0.25 c/deg for the other luminance frequencies). This reflects observers' poor performance at detecting low frequency corrugations when they are depicted by high luminance spatial frequencies as identified in Fig. 3(a) . Figure 2 shows that the depth matching functions are generally flat, which indicates that the luminance spatial frequency content of corrugated surfaces has little effect on the amount of perceived depth at supra-threshold levels. There are slight exceptions at the two higher corrugation frequencies e.g. 2 min arc surface at 0.5 c/deg and 2 and 4 min arc surfaces at 1 c/deg, where observers showed a tendency to underestimate the peakto-trough amplitude of the surfaces when they were depicted by low luminance spatial frequencies. The open circle symbols for the highest corrugation frequency (Fig.  2, bottom right panel) show that corrugations depicted by 50% random dots were perceived as having the same depth as corrugations depicted by the filtered 1 c/deg centre frequency patterns when they had around half the peak-to-trough disparity (70secarc compared with 120 sec arc). Schor and Wood (1983) reported a related effect of a "reduced stereo-efficiency" of matched depth that was more pronounced at small disparities for broad (low spatial frequency) DOGs. Both subjects in their study perceived a broad DOG and a vertical reference line as having the same depth when the reference stimulus had a disparity of 2.5 min arc and the DOG stimulus a disparity of up to 50 min arc (for the broadest, 0.075 c/deg DOG).
Supra-threshold matching functions
DISCUSSION
The aim of the present study was to consider how the spatial rate of change of disparities is related to the luminance spatial frequency characteristics of stereoscopic surfaces. Studies of human stereo performance with corrugated surfaces have suggested the existence of stereoscopic channels tuned to the spatial frequency of disparity modulations (Tyler, 1975; Schumer & Ganz, 1979) , while studies of the size-disparity correlation (Julesz & Miller, 1975; Schor & Wood, 1983) indicate that luminance and disparity processing may be systematically linked. Pulliam (1981) proposed a different interpretation of the size-disparity relation arguing that the primary interaction may be one between luminance spatial frequency and disparity spatial frequency. He suggested that disparity channels tuned to high corrugation frequencies received their inputs from luminance channels also tuned to high spatial frequencies. The present study allows us to further characterize the sensitivity of the stereoscopic system to luminance spatial frequency and disparity corrugation frequency using narrow-band-filtered random dot surfaces in which the disparities are monocularly camouflaged.
Interaction between luminance and disparity spatial frequency
A central feature of these results is that for narrowband-filtered stereograms, luminance spatial frequency and disparity corrugation frequency are largely independent dimensions, with the exception of a slight interaction at high luminance frequencies and low corrugation frequencies. The luminance spatial frequency threshold functions for the three highest corrugation frequencies tested (0.25-1.0 c/deg) appear to form a single family related by a parallel shift along the sensitivity axis. These detection curves differ only in terms of absolute sensitivity which suggests that this range of corrugation frequencies is subserved by a similar set of luminance spatial frequency channels whose peak sensitivity is ca 4c/deg. For the lowest corrugation frequency of 0.125 c/deg, the peak of the threshold function is shifted slightly towards the lower luminance spatial frequencies and the bandpass shape exhibits a more pronounced high frequency cut-off. This suggests that the lower corrugation frequency is subserved by a different luminance channel (or subset of luminance channels) whose peak sensitivity is ca 3 c/deg.
A similar pattern of results can be identified in the corrugation frequency threshold functions of Fig. 3(b) . The threshold functions for the three lowest luminance centre frequencies (1-4 c/deg) appear to form a single family whose peak corrugation frequency sensitivity is ca 0.25 c/deg. The threshold function for the 8 c/deg pattern, indicated by the dashed curve, exhibits a slightly different shape with a peak sensitivity of ca 0.5 c/deg and a relatively more pronounced low frequency cut-off, thus mirroring the results plotted in Fig. 3(a) .
Effect forced by the nature of the stimuli
One particular effect in these experiments--the high thresholds for detecting high frequency corrugations (1 c/deg) depicted by low luminance spatial frequencies (1 c/deg) is directly predictable from the stimulus characteristics. The very high detection threshold for this combination of luminance and disparity spatial frequencies (see Fig. 3 ) probably reflects an under sampling of the disparity signal in this range of stimulus values. The 1 c/deg filtered pattern comprised large blobs each subtending ca 0.5 deg of visual angle in diameter (half the filter centre frequency). Consequently a corrugation frequency of 1 c/deg or greater would not be capable of being adequately carried by these patterns because the carrier elements are too coarse to sample the sinusoidal displacement signal applied in the vertical direction of these patterns. This effect is analogous to the Nyquist sampling limit for one-dimensional carriers. The Nyquist sampling limit does not apply strictly to our twodimensional patterns because although the spacing of elements in the vertical direction is on average 0.5 deg, it is irregular, so that the signal could be sampled adequately in some regions of the surface but not in others. Furthermore, horizontal displacements were applied to the pixels, not to the blobs of the half-images, so distortions of the shapes of individual blobs could carry the displacement signal. However, undersampling may have occurred where surfaces were defined by the lowest luminance centre frequencies (<2c/deg) and highest corrugation frequencies (>0.5 c/deg). This may account for both the departure from flatness of the suprathreshold depth matching functions in Fig. 2 , and the slightly more pronounced bandpass shapes of the threshold functions in these regions of the stimulus space.
Several previous studies have demonstrated a "sizedisparity correlation" between luminance spatial frequency and pedestal disparity (Smallman & Macleod, 1994) . Our results for disparity corrugations depicted by narrow-band-filtered random dot stereograms confirm a different form of size-disparity relation between disparity corrugation frequency and luminance spatial frequency. In an earlier study of corrugation sensitivity Pulliam (1981) found that the peak disparity sensitivity was shifted to the higher corrugation frequencies when the luminance grating spatial frequency was increased. Our data indicate that the basis of the shift in peak sensitivity is a reduction of stereo-efficiency for low frequency corrugations defined by high luminance spatial frequencies (rather than an increase in stereo-efficiency for high frequency corrugations defined by high luminance spatial frequencies). These results are consistent with a model of the stereoscopic system in which stereoscopic channels tuned to particular frequencies of disparity modulation receive their inputs from luminance filters with different space constants. Surfaces depicting luminance spatial frequencies in the range 1-4c/deg and corrugation spatial frequencies in the range 0.25-1.0 c/deg appear to selectively stimulate a single channel or subset of channels tuned to that conjunction of luminance and disparity spatial frequencies. Luminance spatial frequencies >4 c/deg and disparity spatial frequencies <0.25 c/deg appear to stimulate a different channel (or subset of channels) tuned to a different conjunction of luminance and disparity spatial frequencies. At supra-threshold disparity amplitudes there is no evidence of an interaction between luminance and disparity spatial frequency--depth matching functions are mostly flat. The bandwidths of these supra-threshold surfaces may have been slightly extended by the noise spatial frequencies introduced as a result of adding shear. However, since we found little or no effect of the luminance centre spatial frequency on perceived depth, the consideration of the exact bandwidths of these patterns is not pivotal to the interpretation of the findings. The diminishing effect of luminance spatial frequency on perceived depth above threshold disparity suggests the operation of a scaling mechanism at supra-threshold levels which equates the stereoefficiency of the different luminance channels feeding stereopsis.
